Although the relevance of particle size reduction in herbivore digestion is widely appreciated, few studies have investigated digesta particle size across species in relation to body mass or digestive strategy. We investigated faecal particle size, which reflects the size of ingesta particles after both mastication and specialized processes such as rumination. Particle size was measured by wet sieving samples from more than 700 captive individuals representing 193 mammalian species. Using phylogenetic generalized least squares, faecal particle size scaled to body mass with an exponent of 0.22 (95% confidence interval: 0.16Á0.28). In comparisons among different digestive strategies, we found that (1) equids had smaller faecal particles than other hindgut fermenters, (2) non-ruminant foregut fermenters and hindgut fermenters had similar-sized faecal particles (not significantly different), and (3) ruminants had finer faecal particles than non-ruminants. These results confirm that the relationship between chewing efficiency and body mass is modified by morphological adaptations in dental design and physiological adaptations to chewing, such as rumination. This allometric relationship should be considered when investigating the effect of body size on digestive physiology, and digestion studies should include a measure of faecal particle size.
Mammals are the 'definite chewers' (Reilly et al. 2001) . They have evolved remarkable variations in dental design, a high degree of convergent dental adaptations, and physiological adaptations that involve regurgitating the contents of a proximal gastrointestinal compartment and re-masticating them (i.e. rumination). The latter mechanism is characteristic of ruminants and camelids, where a certain fraction of the forestomach contents is regurgitated. In several other animals, such as some macropods and koalas Phascolarctos cinereus (Hume 1999) and possibly the capybara Hydrochorus hydrochaeris (Lord 1994) , food from the simple stomach is sometimes regurgitated and re-masticated; this process is called 'merycism', but it is not observed with the same consistency as rumination. Relationships between tooth design, chewing physiology and diet properties have been assumed since antiquity (summarized in Evans et al. 2007 ). However, comparative tests of chewing efficiency are rare.
The relevance of reducing the particle size of ingested food is well understood, particularly in herbivores (Clauss and Hummel 2005) . Specifically, smaller food particles can be digested at a much faster rate. Particle size reduction Á either by dental mastication (mammals) or by grinding in a gastric mill (birds) Á is often considered the key digestive difference between ecto-and endotherms. Although both ecto-and endotherms achieve similar degrees of digestive efficiency per unit of ingested food, endotherms do so at a faster rate, thus allowing for the higher food intake rate necessary to fuel endothermy (Karasov et al. 1986 ). Within mammals, a tradeoff between ingesta retention time and ingesta particle size has been suggested. In focused comparisons of small groups of species, variation in chewing efficiency has been invoked to explain observations of digestive efficiency that could not be explained by differences in ingesta retention (e.g. among the horse, rhinoceros and elephant , the buffalo and hippopotamus (Schwarm et al. 2009) , and within the sexually dimorphic ibex (Gross et al. 1996) ). Within species, differences in dental efficiency (e.g. due to wear) may be compensated for by different food intake rates and/ or differences in chewing times Gordon 1998b, Logan 2003) .
A convenient way to assess chewing efficiency is to measure faecal particle size. This measure is independent of further digestive processes, with several studies demonstrating that bacterial fermentation (digestion) has little influence on particle size reduction in the digestive tract of terrestrial mammalian herbivores (Poppi et al. 1980 , Murphy and Nicoletti 1984 , McLeod and Minson 1988a , Spalinger and Robbins 1992 . Similarly, no further reduction in digesta particle size occurs beyond the forestomach from which digesta is regurgitated in the ruminant (and camelid) digestive tract. This finding indicates that other digestive processes (acid and enzymatic digestion in the abomasum and small intestine; bacterial fermentation in the hindgut) have little effect on particle size (Poppi et al. 1980 , Oikos 118: 1623Á1632, 2009 doi: 10.1111 /j.1600 -0706.2009 Udén and Van Soest 1982 , McLeod and Minson 1988b , Lechner-Doll and von Engelhardt 1989 , Freudenberger 1992 . Fewer studies have been published for non-ruminants, probably because an investigation of digesta particle size along a non-ruminant's digestive tract is unlikely to reveal differences between different sections. However, existing data for non-ruminant foregut fermenters Á macropods (Freudenberger 1992) and sloths (Foley et al. 1995 ) Á indicate little change in ingesta particle size from the forestomach to the faeces. One of the most cited advantages of an increase in body mass (BM) in herbivores is a presumed increase in efficiency of digestion. As gut capacity increases with BM 1.00 , but energy requirements, and hence food intake, increase with BM 0.75 , larger animals should have more gut capacity available per unit ingested food, which produces an expected allometric scaling exponent of BM 0.25 for ingesta retention time (Parra 1978 , Demment and Van Soest 1985 , Illius and Gordon 1992 , but see Clauss et al. 2007 ). This suggests that larger animals should experience advantages in terms of digestion.
Yet, larger animals might also experience digestive disadvantages (Clauss and Hummel 2005) , including an increase in ingesta particle size (Pérez-Barberìa and Gordon 1998a). Apart from everyday observations (e.g. on faeces of rabbits and horses), a few studies on limited numbers of species indicate that faecal particle size increases with body mass (Udén and Van Soest 1982, Clauss et al. 2002) . The intuitive reason for this is that in the larger teeth of larger mammals, structures responsible for particle size reduction, such as distances between enamel ridges, are of a coarser scale than in smaller animals. In addition to variation in body mass, some mammals possess digestive strategies that enable them to process food more efficiently. These include, for example, dental adaptations in equids, and rumination in other ungulates, which could cause deviations from the underlying allometry of faecal particle size.
Although an allometric relationship between ingesta particle size and body mass has been suspected (Pérez-Barberìa and Gordon 1998a), body size considerations have received less attention in the comparative analysis of ingesta particles. Here, we investigated the scaling of ingesta particle size across a dataset of 193 mammalian species. We also performed three nested comparisons in the dataset to further illuminate factors that influence ingesta particle size. First, across the entire dataset, we investigated whether ruminants achieve a smaller ingesta particle size than nonruminants of similar body size. This is an important test because ruminants are thought to possess more efficient digestive capabilities, in part through their method of reducing ingesta particle size by rumination. Second, among the non-ruminants, we investigated whether ingesta particle size differs between foregut and hindgut fermenters. This comparison is important because non-ruminant foregut fermentation has often been equated with ruminant foregut fermentation (Moir 1965 , Janis 1976 , whereas some comparisons indicate that these groups could be very different in terms of chewing efficiency, with ruminants consistently producing finer particles (Langer 1988 , Freudenberger 1992 , Clauss et al. 2004 , Schwarm et al. 2009 ). Lastly, among the hindgut fermenters, we tested whether equids generate smaller particles, which we proposed would occur due to their particularly efficient dental design (Rensberger 1973 , Jernvall et al. 1996 . Throughout, we used both phylogenetic and non-phylogenetic methods to investigate the comparative patterns.
Methods
Faecal samples were collected from captive individuals of 193 mammalian species (including previously published data from Clauss et al. 2002) , with 1Á18 samples per species, depending on the access to individuals (Appendix 1). Samples originated from apparently healthy, adult animals without a history of dental or digestive disease who were offered a diet that also included a relevant source of fibre. Body mass was either known for the individuals sampled, estimated, or taken from the literature. Especially in the case of small animals, we often had to use group samples, pooling faeces from different individuals (marked as gs in the Appendix 1), to attain the amounts required for analysis. Faeces were analysed by wet sieving. Mean faecal particle size calculated by wet sieving over a series of sieves with mesh sizes of 4, 2, 1, 0.5, 0.25 and 0.125 mm, and subsequent calculation of the mean particle size after fitting a suitable function to the respective sample data using TableCurve 2D v5.01 (Systat Software; Hummel et al. 2008 ). For each species, an average mean particle size was calculated that was used in the subsequent analyses. Species were classified as hindgut fermenters (i.e. colon or caecum fermenters), non-ruminant foregut fermenters and ruminants (including the Ruminantia and the Tylopoda).
We investigated the scaling of faecal particle size using both non-phylogenetic tests and phylogenetic generalized least squares (PGLS). PGLS provides an approach to studying correlated evolution (Martins and Hansen 1997, Garland and Ives 2000) , and becomes increasingly attractive for comparative biologists due to its flexibility. For phylogenetic tests, we based our analyses on the phylogeny from Bininda-Emonds et al. (2007) . Calculation of PGLS was conducted using BayesTraits (Pagel and Meade 2007) . Codes reflecting digestion type (ruminants, non-ruminants, non-ruminant foregut fermenters, hindgut fermenters) or taxonomic group (equids) were included as a dummy variable in the regression model. We also investigated whether body mass and faecal particle size showed phylogenetic signal, i.e. whether more closely related species exhibit similar trait values, as calculated in BayesTraits (Pagel and Meade 2007) . For this, we calculated the loglikelihood of a model in which l Á a measure of phylogenetic signal Á was calculated for the data, and then repeated the process when forcing l to equal 0 (Freckleton et al. 2002) . Twice the difference in loglikelihoods of these nested models is distributed as a chisquare statistic, with one degree of freedom. We report effects as slopes of the relationship between body mass and digesta particle size (b mass ). When investigating the effect of a particular taxonomic group or digestive strategy, we include a second slope estimate (b equid , b hindgut or b ruminant ) from a multiple regression model that included b mass . The sign of this second slope indicates whether species coded as having state 1 have larger (positive b) or smaller (negative b) digesta particle size than those with state 0, controlling for b mass . All statistical tests reported are two-tailed with significance level (a) of 0.05. We used log-transformed data in all analyses.
Results
Mean faecal particle size (MPS) increased with body mass across species (Fig. 1) , and there was no evident discrepancy between species for which several or only one sample had been available (Fig. 2a) . In analyses of species averages, the allometric exponent was estimated as 0.15 (95% CI: 0.10 to 0.19) and was significantly different from zero (t 191 06.02, pB0.001, R 2 00.16). In analyses of phylogenetic signal, however, we found strong evidence that more closely related species exhibit more similar trait values (l00.97 in a correlated model). The log likelihood in this model was (146.6, which was significantly different from l 00, where the log-likelihood was (410.4 (likelihood ratio test, pB0.0001). Although very close to l 01 (likelihood 0 (170.2), the maximum likelihood estimate of 0.97 was also significantly different from l 01 (pB0.001). Thus, we also investigated the scaling of faecal particle size using a regression model in PGLS with the maximum likelihood estimate of l. This produced a steeper allometric exponent of 0.22 (95% CI: 0.16 to 0.28), which was significantly different from zero (intercept 0(0.31, t 191 07.01, p B 0.001). This bivariate model explained 20% of the variation in ingesta particle size (R 2 00.20). Examining ruminants alone, a regression model in PGLS produced a lower allometric exponent of 0.15 (95% CI: 0.08 to 0.22, intercept0(0.78, t 80 04.46, p B0.0001; R 2 00.20). We also investigated three a priori predictions that were nested phylogenetically, as described above. First, among hindgut fermenters, we found that equids produce smaller ingesta particles for their body mass than other hindgut fermenters (b mass 00.25, t 91 06.39, pB0.0001, b equid 0 (0.52, t 91 0(2.27, p00.025, R 2 00.33, in a statistical model with equids coded as state 1; Fig. 1b) . Second, among the non-ruminants, we found no significant difference between foregut and hindgut fermenters (b mass 00.26, t 108 06.61, p B0.0001; b hindgut 0(0.05, Figure 1 . Association between body mass and mean faecal particle size in the mammalian herbivores (one average value per species) investigated in this study. Regression line based phylogenetic generalized least squares (see text).
Figure 2. Correlation of body mass and mean faecal particle size in (a) mammalian herbivores, ordered according to the number of samples available per species (gs0group sample); (b) equids (in black) and non-equid hindgut fermenters; (c) non-ruminant foregut fermenters (in black) and hindgut fermenters; (d) functional ruminants (in black) and non-ruminants. t 108 0(0.39, p00.70, R 2 00.29, in a statistical model with hindgut fermenters coded as state 1; Fig. 1c) . Lastly, we found that ingesta particle size is significantly smaller in ruminants than in non-ruminants (b mass 00. 
Discussion
Ingesta particle size is one of the most important factors influencing digestive efficiency, but few studies have investigated the degree to which different species can break down food in broad phylogenetic perspective. Our study is the largest analysis of faecal particle size so far conducted and is the first study to use phylogeny-based methods to investigate factors that influence ingesta particle size. We found evidence for negative allometry, with faecal particle size increasing relative to body mass with an exponent of 0.22. We also found support for two of our predictions involving deviations from this allometric relationship. Specifically, particle size was significantly reduced in ruminants (compared to non-ruminants) and equids (compared to other hindgut fermenters). In contrast, we found no significant difference between foregut and hindgut nonruminant fermenters.
Our study reveals the importance of controlling for phylogeny. In the non-phylogenetic tests, the allometric exponent was estimated as 0.15, whereas it was 0.22 after controlling for phylogeny. This probably reflects that ruminants, which tend to be larger in body size than many other species and also have smaller ingesta particle sizes, represent the most speciose group in this dataset. This will tend to depress the slope of the association when measured across species without controlling for phylogeny. Coupled with the evidence for strong phylogenetic signal, we suggest that the allometric exponent from the phylogeny-based tests should be preferred to the non-phylogenetic tests. However, even when applying phylogeny-based statistics, we should not consider the resulting allometry as a fixed natural law, but as a snapshot of evolutionary time. Consider, for example, how the sequence of decreasing relative faecal particle size (rhinoÁelephantÁequidÁrumi-nant) somewhat resembles the sequence of the peak radiations of the respective groups (Coppens et al. 1978 , MacFadden 1992 , Cerdeno 1998 , Gentry 2000 , leading to the hypothesis that a higher chewing efficiency is a characteristic of more recently radiated herbivore groups; in other words, these data could suggest that large mammalian herbivore evolution is characterized by a trend toward increasing chewing efficiency.
Several limitations of the current study are worth mentioning. For a comparative study that comprises a large variety of species such as the present one, it is not feasible to use one common diet because there is no universal food that will be accepted in a similar manner by all species; additionally, species show clear dental adaptations to different diets (Fortelius 1985, Archer and Sanson 2002) . Therefore, ideally, a study like the present one should be performed on faeces from free-ranging animals feeding on their natural diets Á a task of enormous logistical challenge. Zoo diets usually consist of varying proportions of a forage material (dried Á as hay, or fresh Á grass, lucerne, browse, green vegetables), pelleted feeds, and various items such as fruits, bread, grain products. Within a species, faecal particle size will increase with an increasing proportion of forage in the ingested diet (Clauss unpubl., in black rhinoceros). The recording of the different proportions of feeds ingested, which necessitates intake trials of at least three consecutive days per animal, was beyond the scope of this study. As differences in faecal particle size between captive and free-ranging animals of the same species have been demonstrated for browsing as opposed to grazing species (Hummel et al. 2008) , conclusions derived from the present dataset must be considered with caution, especially when comparing individual species. Similarly, discrepancies in the body masses of the actual animals and the mass estimates used here could make comparisons between species of similar body mass imprecise. Finally, for some species, only one group sample or material from only one individual was available, which should caution against conclusions focussing on these particular species. We see no reason, however, why these values would bias results of broad scale comparisons using our larger dataset.
The results of this study confirm that particle size increases with body mass. Using data from Udén (1978) , Pérez-Barberìa and Gordon (1998a) found that faecal particle size scaled to BM 0.19 in a set of domestic ruminants, rabbits and equids. These authors modelled the scaling of chewing efficiency based on several factors. They suggested that chewing efficiency should, on the one hand, scale to tooth morphology, and, on the other hand, to chewing frequency. Among mammals, teeth scale isometrically, i.e. tooth volume scales to BM 1.00 , and tooth surface area Á the effective part of the tooth Á to BM 0.67 (Fortelius 1985 , Shipley et al. 1994 . The number of chews per gram food ingested scales to BM (0.85 (Shipley et al. 1994) . Thus, the authors predicted that chewing efficiency scales to BM 0.67(0.85 0BM (0.18 , or, inversely, that faecal particle size should scale to BM 0.18 . This exponent lies within the 95% confidence interval determined in our dataset. In contrast, an allometric exponent of 0.33 would have been suspected if it were assumed that particle size, which represents a one-dimensional measure (in mm), should follow the isometric tooth scaling mentioned above (volumeÂBM 1.00 , areaÂBM 0.67 , distanceÂBM 0.33 ). However, this exponent was excluded from the 95% confidence interval. Thus, the results could be interpreted to indicate that the whole dental (chewing) surface area and the chewing frequency are important determinants of ingesta particle size, rather than a linear distance between, for example, enamel ridges.
After accounting for body mass, the remaining large variation in faecal particle size can be explained by differences in dental design and chewing physiology. The herbivorous mammal with probably the least sophisticated dental and masticatory adaptations to its diet is the giant panda (Sanson 2006) , which also had the largest faecal particles in this dataset. Hippos, with interlocking canines that prevent a grinding side-stroke, also had particularly large faecal particles. Equids, who display the most complicated molar design in the collection of ungulate molars presented by Jernvall et al. (1996) , had significantly finer particles than the other hindgut fermenters of comparable size in our dataset (Fig. 1b) . These examples illustrate how dental design can shift a species away from expectations based on body mass alone. It could be expected that detailed analyses based on morphological (dental design) or ecological (feeding type) correlates, for example within the rodents or the primates, could also lead to more insight into additional factors determining chewing efficiency.
The ruminants deserve special attention in this regard. Functional ruminants (true ruminants and camelids) produce finer faecal particles than other mammals (Udén and Van Soest 1982 , Freudenberger 1992 , Campos-Arceiz et al. 2004 ; Fig. 1d ). This is notably not an effect of having a forestomach per se, as non-ruminant foregut fermenters do not achieve finer faecal particles than hindgut fermenters (Fig. 1c) . However, in contrast to what one might expect, rumination is not about chewing food for a longer time; rumination is about sorting (Schwarm et al. 2009 ). Like many processes in digestive physiology, such as the fermentation of plant material (Hummel et al. 2006) , particle size reduction during mastication follows a probability distribution of decreasing returns-the first chew on a new digesta bolus will result in a high degree of particle size reduction, but subsequent chews will be increasingly less effective at reducing particle sizes (Sheine and Kay 1982, Lucas 1994) . After a certain number of chews, the probability that food particles that are already sufficiently small will be caught between the chewing blades will be higher than that of catching larger particles, but the small particles are unlikely to be further reduced in their size. Actually, it has been suspected that for any given dentition, a characteristic particle size threshold exists below which particles are very unlikely to be reduced further (Sheine and Kay 1982) . In addition, with a higher proportion of already small particles, the probability of fine particles clogging the space between the cutting blades will also increase, thus making further chewing even less efficient. Therefore, after a certain number of chews, swallowing the bolus will be more efficient than continuing to chew; this process intrinsically constrains the advantage that could be gained from increasing chewing time per unit of ingested food.
The only mechanism that would significantly increase the efficiency of chewing in this respect would be a separation of fine particles (that need no longer be chewed) from the larger particles (that should ideally be chewed further). Such a separation is not possible within the oral cavity; no 'sieving' mechanism prior to swallowing is known in mammals. Only functional ruminants achieve such a separation-not in the oral cavity, but in their elaborate forestomachs. Prolonged chewing of the digesta is costeffective in ruminants, because the ruminant forestomach removes the fine particles from the material that is submitted to repeated mastication (Lechner-Doll et al. 1991) . This sorting mechanism is reflected in the fact that the contents of the first sections of the forestomachs of ruminants and camelids comprise not only small particles but also contain larger particles than are found in the distal digestive tract; beyond this point, digesta particle size remains constant and is almost identical to faecal particle size (Udén and Van Soest 1982, Lechner-Doll and von Engelhardt 1989) . The sorting mechanisms in ruminants lessens the allometric effect of body size on chewing efficiency, leading to a lower allometric scaling of faecal particle size with body size, thus reducing a potential disadvantage of large size to which other herbivore groups are subjected. It is tempting to speculate that this additional property of the forestomach of functional ruminants was a major factor in the success of this group, particularly the true ruminants, as we know them today. Prinz and Lucas (1997) identified another problem that occurs if one chews too much on the same bolus: the bolus will disintegrate, and hence its travel across the epiglottis will be dangerous because the increase in saliva, and the constant reduction of the large particle fraction, will reach a point where cohesive forces are too low. Actually, in order to safely swallow a bolus, a certain proportion of large particles is needed. In functional ruminants, the large 'accompanying' particles will be comminuted later, when more recently ingested large particles will take over the 'accompanying' function. To date, in large mammalian herbivores, rumination appears to be the most successful strategy to achieve a high degree of particle size reduction in the digestive tract.
Because of the perceived relevance of digesta retention time, numerous studies have investigated this parameter, often in conjunction with digestibility measurements (reviewed by Clauss et al. 2007 ). In contrast, measures of chewing efficiency, such as faecal particle size, are rarely included in digestion studies (for exceptions see Gross et al. 1995 , Pérez-Barberìa and Gordon 1998b , Clauss et al. 2004 , Pérez-Barberìa et al. 2008 , Schwarm et al. 2009 . A simultaneous evaluation of food intake, ingesta retention time, digestibility, and chewing efficiency will be key for understanding evolutionary variation in digestive physiology. In theory, ingesta retention time should increase with BM 0.25 (Introduction). The fact that faecal particle size increased with BM 0.22 in this study could indicate that both allometric effects Á that of digesta retention time, and that of digesta particle size Á could more or less compensate for each other. This could explain why it has been difficult, so far, to demonstrate an increase in digestive efficiency with increasing body mass across species (Pérez-Barberìa et al. 2004, Clauss and Hummel 2005) or within species (Gross et al. 1996 , Pérez-Barberìa et al. 2008 . Actually, the concept that increased digesta retention can compensate for a lack of ingestive particle size reduction has been proposed for the comparison of reptilian and mammalian herbivores (Karasov et al. 1986) , and potentially long digesta retention times have been evoked as a compensatory mechanism in gigantic herbivorous dinosaurs that lacked mechanisms of particle size reduction (Farlow 1987 , Franz et al. 2009 . It is only with the inclusion of faecal particle size measurements that the associations of these different digestive determinants will be disentangled. Appendix 1. Original data from this study. DT0digestion type (H0hindgut fermenter, F0nonruminant foregut fermenter, R0ruminant); n is the number of faecal samples analysed (gs 0group sample pooled from a group of animals; BM0body mass (mean if actually measured) in kg, followed by the SD0standard deviation (if body mass was actually measured); MPS0mean particle size in mm, followed by the SD; rMPS0relative mean particle size, expressed in mm/kg 
